ABSTRACT
CHAPTER -IV

Vibrational spectral analysis and first order hyperpolarizability calculations on (E)-N′-(furan-2-ylmethylene)nicotinohydrazide
INTRODUCTION
Furan ring as an important group of heteroaromatic compound that have been found in many natural products and substances and also useful in industrial applications (Brown, 2005) . It is often used as synthetic intermediates in the preparation of acyclic, carbocyclic, and heterocyclic compounds (Paquette et al., 1993) and its derivatives as well as some other heterocyclic compounds are of great interest due to their application of molecules to characterise the active sites in zeolites (Forster et al., 1999; Beta et al., 2001 and Beta et al., 2001 ).
Furan is a heterocyclic organic compound consisting of a five member ring with one oxygen and four carbon atoms. Furan is a colorless, flammable, highly volatile liquid with a boiling point close to room temperature. Furan is found in heat-treated commercial foods and it is produced through thermal degradation of natural food constituents (Moro et al., 2012; Anese et al., 2013) . Notably, it can be found in roasted coffee, instant coffee, and processed baby foods (European Food Safety Authority, 2011; Moro et al., 2012; Waizenegger et al., 2012) . Exposure to furan at doses about 2000 times the projected level of human exposure from foods increases the risk of hepatocellular tumors in rats and mice and bile duct tumors in rats (Bakhiya et al., 2010) . Furan is therefore listed as a possible human carcinogen (Bakhiya et al., 2010) .
The hydrazone derivatives in the organic molecule bring several physical and chemical properties. The hydrazones are bearing the >C=N-N< which leads the molecule towards nucleophilic and electrophilic nature. The ability of hydrazones to react with both electrophilic and nucleophilic reagents widens their application in organic chemistry and designing the new drugs (Kitaev et al., 1970; Belskaya et al., 2010; Dadiboyena and Nefzi, 2011) . Several hydrazone derivatives have been reported as insecticides, nematocides, herbicides, rodenticides and antituburculosis in addition to that some of the hydrazone were found to be active against leukemia, sarcoma and illnesses (Kitaev et al., 1970; Wu and Senter, 2005) .
Babua et al., (2014) reported the spectral characterization of (E)-1-(Furan-
2-yl) methylene)-2-(1-phenylvinyl) hydrazine were carried out by using FT-IR, FT-
Raman and UV-Vis spectrophotometer. The B3LYP/6-311++G(d,p) level of optimization had been performed for the above compound. The conformational analysis was performed for this molecule, in which the trans and cis conformers were studied for spectral characterization. The recorded spectral values were compared with calculated results. The optimized bond parameters of (E)-1-(Furan2yl) methylene)-2-(1-phenylvinyl) hydrazine molecule was compared with XRD data of related molecule. To study the ICT within the molecule, the Lewis (bonding) and Non-Lewis (anti-bonding) structural calculation was performed. The NLO behavior of the above said compound was measured using first order hyperpolarizability calculation. The atomic charges were also calculated and analyzed. Iliescu et al., (2002) , performed the investigation of the two rotational isomers of 5-(4-flouro-phenyl)-furan-2-carbaldehyde from an analytical (IR and FT-Raman spectroscopy) and theoretical (DFT calculations) point of view. All calculations of harmonic wave numbers were performed by them using fully optimized geometry as reference geometry. The 6-311+G(d) basis set for all atoms had been used in the geometry optimization and the vibrational frequency calculations. By rotation of the (CHO) group in the sample, two rotational isomers, anti-form and syn-form were obtained. The optimized structures of both isomers were planar and belong to the C s point group. Theoretical calculations were performed for both conformations of the sample revealed that the anti-form isomer was more stable than syn-form isomer by 808.65 J mol A combined matrix isolation FT-IR and theoretical DFT with the hybrid functional (B3LYP)/6-311++G(d,p) study of 2-furaldehyde dimethylhydrazone was performed by Aranjo-Andrade et al., (2012) . According to calculations, the two E and two Z conformers were existed, in which the E forms having considerably lower energy than the Z forms. The absence of relevant sterical hindrance between the two substituents around the C=N bond (dimethylamino and 2-furyl) in the E (forms) structures and an extended π-electron delocalization in the hydrazone structure determines the higher stability of these species relatively to the Z structures. The Matrix isolation IR spectroscopy and DFT hybrid function with 6-311++G(d, p) level of calculations allowed the investigation for the structure, IR spectra and unimolecular photochemistry of 2-furaldehyde dimethylhydrazone isolated in solid argon and xenon.
The geometry, electronic properties, polarizability, and hyperpolarizability of 5-nitro-2-furaldehyde semicarbazone were calculated using DFT/B3LYP method by Narayan et al., 2011 . A complete vibrational analysis of the molecule had been performed and assignments were made on the basis of potential energy distribution. In general, a good agreement of calculated modes with the experimental ones had been obtained at DFT/(B3LYP) 6-311++G(d,p) level of theory. The UV-Vis spectrum of the above molecule was calculated using TD-DFT method. The calculated energy and oscillator strength almost exactly reproduces the reported experimental value. According to our knowledge, neither the quantum mechanical calculations nor the vibrational spectra of the title molecule F2CNH have been reported so for. Hence the present study aim to interpret the vibrational spectra of F2CNH molecule by applying the ab initio/DFT computations to derive information about vibrational frequencies, IR, Raman intensities, electronic transitions and ICT, etc. Furthermore, the vibrational modes were assigned on the basis of TED analysis.
EXPERIMENTAL DETAILS
Synthesis Procedure
10 mL of ethanolic solution of furfural (1 mL, 0.01 mol) were added to 5 mL of aqueous solution of nicotinic acid hydrazide (1.37 g, 0.01 mol) and stirred for an hour in the presence of hydrochloric acid to form a white precipitate. The reaction mixture was maintained at room temperature and the colourless solid was obtained. The solid was separated and filtered under suction, washed with ice-cold water. The precipitate was washed with water and filtered and again washed with petroleum ether (40-60%) and dried over in a vacuum desicator then the product was recrystallized from hot ethanol.
RESULTS AND DISCUSSION
Molecular Geometry
The optimized bond parameters of F2CNH was carried out using DFT/B3LYP/6-311++G(d,p) basis set and are listed in Table 4 with XRD values and also find support from the reported values of related structure (Tang, 2011 and Nair et al., 2012) .
Vibrational Assignments
The fundamental vibrations of a non-linear molecule which contains N atoms is equal to (3N-6), apart from three translational and three rotational degrees of freedom (Silverstein et al., 1991 and Socrates, 2001) 
C-H Vibrations
The heteroaromatic molecule shows the presence of C-H stretching mode in the region 3100-3000 cm -1 which is the characteristic region for the ready identification of C-H stretching (Rastogi et al., 2002 and Silverstein et al., 1981) .
In this molecule nine C-H stretching vibrations are expected to occur, in which four from pyridin ring, three from furan ring and one from hydrazone linkage. The in FTIR spectrum (mode no: 9). These assignments are in agreement with literature (Rastogi et al., 2002; Silverstein et al., 1981 and Iliescu et al., 2002) and also find support from TED value [≥ 85%].
In aromatic compounds the C-H in-plane bending mode appear in the range 1300-1000 cm -1 and C-H out-of-plane bending mode appear in the range 1000-750 cm -1 (Socrates, 1980 and Varsanyi, 1969 
C=O, C-O Vibrations
The C=O stretching band is characterized by a sharp intense band appearing in between 1680 and 1715 cm -1 (Roeges, 1994 , Barathes et al., 1996 .
According to this, the sharp intense bands in FTIR: 1682/FT-Raman: 1673 cm Table 4 .2. These assignments are also supported by the literature (Balachandran et al, 2013) in addition to TED output.
C=N, C-N and N-N Vibrations
The IR and Raman bands observed between 1443 and 1227 cm 
N-H Vibrations
The N-H stretching vibrations occur in the region 3400-3200 cm respective TED values (58% and 30%).
C=C, C-C Vibrations
In furan derivatives, medium to strong bands have appeared in the regions of 1390-1400, 1470-1520, 1560-1610 cm and also find support from TED value.
The C-C stretching was assigned in the region 1668-1218 cm ). The mode nos:
13 and 24 are belong to νC 9 -C 2 and νC 16 -C 14 modes.
NLO Property
The molecular electronic dipole moment and molecular first hyperpolarizability of F2CNH were calculated using B3LYP level and the obtained results were given in Table 4 .3. The dipole moment was calculated as 0.9722
Debye which is comparatively closer to standard urea. The first order hyperpolarizability (β 0 ) was calculated as 2.0918x10
esu, which is six times greater than that of the value of the urea. Hence this molecule has considerable NLO activity.
NBO Analysis
The NBO analysis has been carried out with B3LYP/6-311++G(d,p) level of basis set. The Lewis and non-Lewis NBO's of the F2CNH are given in Table   4 .4. The strong intra-molecular hyper conjucative interaction of the π and σ It is evident from 
HOMO-LUMO Analysis
The HOMO and LUMO are the main orbitals that take part in chemical stability. The HOMO represents the ability to donate an electron, whereas the LUMO is an electron acceptor which represents the ability to obtain an electron.
This also predicted that the nature of electrophiles and nucleophiles to an atom where the HOMO and LUMO are stronger. The energy gap of F2CNH was calculated using B3LYP/6-311++G(d,p) level and are listed in Table 4 .5. In the present study, the HOMO part is located over the furan ring and hydrazone linkage and HOMO energy is calculated about -6.032 eV. Similarly, the LUMO is located over the entire molecule and especially on pyridine ring and LUMO energy is -1.956 eV. The energy gap between HOMO and LUMO is 4.076 eV, which leads the molecule becomes less stable and more reactive. The calculated energies of FMOs are listed in Table 4 .6 and the FMOs are shown in Fig. 4 .4.
UV-Vis Spectra
The nature of the electronic transitions in the observed UV-visible spectrum of the title compound F2CNH had been studied by the TD-DFT involving configuration interaction between the singly existed electronic states.
The observed UV-Vis spectrum was shown in Fig. 4 .5. The electronic transitions and the corresponding excitation energies were listed in Table 4 .7. The calculated electronic transition is shown at 333 nm whereas, the experimental electronic transition observed at 360 nm. The difference in these two values may possibly be owing to solvent influence.
The density of states (DOS) spectrum for F2CNH was obtained using Gauss Sum 2.2 programme and is shown in Fig. 4 .6. The spectrum is used to explain the contribution of electrons to the conduction and valence band. The spectrum gives idea about how many states are available at certain energy states.
The lines at the starting end of the energy axis of the plot, that is from -20 eV to -5 eV, are called filled orbital and from -5 eV to 0 eV, are called virtual orbital. The virtual orbital are not occupied and are also called as acceptor orbital, whereas the filled orbital are called donor orbital. A high intensity DOS at a specific energy levels means that there are many states available for occupation. A DOS of zero intensity means that no states can be occupied by the system. The variation in the peak height is due to the movement of electrons between the C=C and C-C in the ring of the molecule. The peak at certain energies, decreases from the value due to the movement of electrons between the C=C and C-C in the ring of the molecule.
Molecular Electrostatic Potential
The MEP was calculated using B3LYP/6-311++G(d,p) level of basis set.
The 3D plot of MEP map of F2CNH is shown in Fig. 4 .7. In MEP map, the maximum positive/negative region are preferred sites for nucleophilic/electrophilic attack and are represented by Blue/Red colour, respectively. The importance of MEP lies in the fact that it simultaneously displays molecular size, shape as well as positive, negative and neutral electrostatic potential regions in terms of color grading (Fig. 4.7) and is very useful in research of molecular structure with its physiochemical property relationship (Murray et al., 1996 and Scrocco et al., 1978) . The Potential increases in the order: red < orange < yellow < green < blue. 
Mulliken Atomic Charges
Mulliken atomic charge calculation has an important role in the application of quantum chemical calculation to molecular system, since atomic charges affect the dipole moment, molecular polarizability, electronic structure and more a lot of 
Thermodynamic Properties
The various thermodynamic parameters such as: total energies, zero-point energy etc were calculated using B3LYP/6-311++G(d,p) basis set are presented in Table 4 .9. On the basis of vibrational analysis, the statistical thermodynamic functions heat capacity (C 0 p,m ), entropy (S 0 m ), and enthalpy changes (ΔH 0 m ) for the F2CNH were obtained from the theoretical harmonic frequencies listed in Table   4 .10. It can be seen from Table 4 .10, the thermodynamic functions are increasing with temperature ranging from 100 to 1000 K due to the fact that the molecular vibrational intensities increase with temperature. The correlation equations between heat capacity, entropy, enthalpy changes and temperatures were fitted by quadratic formulas and the corresponding fitting factors (R MEP surface analysis mentioned the active charge sites of the molecule F2CNH. In addition mulliken charges and thermodynamic properties were also reported. (24)+βC16C18N21 (16) 
